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CARBORANE TRIANION BASED CATALYST 

[0001] The present invention relates to a Ziegler-Natta type catalyst for 
olefin polymerization, to the preparation of such catalyst and to the use of this 
5 catalyst for polymerizing olefins. 

[0002] One main focus in research and development in polymer chemistry 
is to identify new generations of catalysts for polymerization reactions. 
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for a long time for the polymerization of simple olefins to obtain a desired 
10 molecular weight. Generally, Ziegler-Natta catalysts comprise (a) at least a 
catalyst component formed from a transition metal compound of Group 4 to 6 
of the Periodic Table (lUPAC, Nomenclature of Inorganic Chemistry. 1976), a 
metal compound of Group 1 to 3 of the Periodic Table (lUPAC), and, 
optionally, a compound of group 13 of the Periodic Table (lUPAC) and/or an 
15 internal donor compound. ZN catalyst may also comprise (b) further catalyst 
component(s), such as a co-catalyst and/or an external donor. 
[0003] A subgenus of such ZN catalysts belongs to the group of 
metallocenes. Said metallocenes bear generally 1, 2 or 3 organic ligands 
which are A7-bonded to the metal, e.g. a /7^"®-ligand, such as a /7^-ligand. 
20 Preferably, a metallocene is a Group 4 to 6 transition metal, suitably 
titanocene, zirconocene or hafnocene, which contains at least one /7^-ligand. 
Such A7^-ligand can, for example, be an optionally substituted cyclopentadienyl 
(Cp), indenyl, tetrahydroindenyl orfluorenyl ligand. 

[0004] One of the advantages of metallocenes in polymerization has been 

2 5 the fact that they often appear to be "single-site" catalysts that give a narrow 

range of molecular weight polymers of very similar molecular structure. For 
example, Peifer et al. describe in US 5,830,958 a process for preparing a 
polynuclear metallocene, which is useful for using such metallocenes to 
produce solid prepolymerized metallocene-containing catalysts and for the 

3 0 olefin polymerisation. 

[0005] The PCT-application WO 97/10248 discloses metallocene 
compounds with an open-pentad ienyl containing radical for the use in catalyst 
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systems for the polymerization of olefins. Polymers that are produced include 
HDPE, LLDPE, ethylene/propylene/(diene) elastomers and the like. 
[0006] Other catalysts useful for the preparation of substantially terminally 
unsaturated polyolefins are described in WO 99/05182 of Dorer et al.. Dorer 
5 discloses metallocene complexes comprising diketonic, p-ketoesters ortriflate 
anions. Some of the catalysts are suitable for use with co-catalysts to prepare 
polymers. 
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active catalyst species of such ZN metallocenes, it appears as generally 
10 accepted that the structure of the catalytically active species is a metal cation 
in the presence of a labile stabilizing anion, such as anions of the borane 
type. 

[0008] Recently, a ionic polymerization catalyst system component 
comprising a stable and bulky anion containing a plurality of boron atoms has 
15 been disclosed by HIatky in US 6,245,706. HIatky used several borane or 
carborane clusters as stable anions. 

[0009] A related kind of catalysts is disclosed in US 5,407,884. Therein, a 
cationic metallocene catalyst and a compatible stable, bulky, non-coordinating 
anion containing a plurality of boron atoms, such as borate, carborate, 

2 0 borane, carborane, metallaborane and metallacarborane compounds are 
disclosed. The catalyst of US 5,407,884 is useful for the polymerisation of 
olefins, diolefins and/or acetylenically unsaturated monomers. 
[0010] Due to the isolobal concept it is possible to replace the Cp -ligand in 
such metallocenes by the isolobal and isoelectronic dinegative dicarbollide 

2 5 ligand (C2B9Hii)^', either contributing six delocalized 7i-electrons. As such 
compounds are isoelectronic with their respective Cp analogues that have 
been labeled as Ziegler-Natta catalysts, a similar catalytic behavior is 
expected in the polymerization of olefins. 

[0011] In US 4,363,747 Hawthorne et al. describe an active carborane 
30 catalyst comprising a Group 8 or 9 metal and a carborane dianion. The 
catalyst is used in hydrogenation, hydroformulation and isomerization 
reactions. 
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[0012] Crowther et al. describe in J. Am. Chem, Soc. 1991. 113, 1455- 
1457, the use of sucli a dicarbollide substituted complex in the polymerization 
of ethylene while Kang et al. report the polymerization of ethylene with a 
comparable dicarbollide metal complex {Organometallics 2001, 20, 4298- 
5 4300), 

[0013] Furthermore, Zhu at al. in Inorganic Chemistry Communications 
2001, 4, 486-489 describe the first half-sandwich metallacarborane which is 

cfpKili^pH Kw mQ+p!_riitrrknon ciprna )r\r\nr\ iicinn a anlnnln sjllcv/lsjrpiHn mni'^^'V 

linked to the carborane cage. Finally, Zhu et al. Inorganic Chemistry 
10 Communications 2002, 5, 296-299 describe sila- and germacarborane 
derivatives derived from a trianionic C(cagerappended alkyloxo-C2B9-carborane 
ligand. 

[0014] Up to now, most of the known ZN catalyst systems including the 
carborane metal complexes failed to produce functionalized polyolefins (e.g., 
15 polymers from halogenated olefins) because the early transition metal centers 
in these catalysts are highly electrophilic which generally makes it impossible 
to use olefins containing polar functional groups as monomers or co- 
monomers. Therefore, conventional free radical polymerization is still the 
current technique used in the polymer industry to produce a wide range of 

2 0 functionalized polymers such as polyvinylacetate, polyvinylchloride or 

polytetrafluoro-ethylene. 

[0015] Functionalized polyolefins are of prime interest for industrial 
organizations because of the low cost of the monomer and their wide range of 
applications. In fact, the main concern at the production level is the ability to 
25 produce and supply a material with the characteristics required by a customer. 
At the manufacturing scale, the commonly used catalysts do not allow 
sufficient control over the reaction parameters to manage the production in 
the expected cost efficient manner. In addition, the mechanistic implications of 
the free radical method makes this method unsuitable for the preparation of 

3 0 predetermined polymer architectures with precise and narrow molecular 

weight distributions. 
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[0016] Therefore, there is a need for a new type of ZN catalysts for the 
polymerization of olefins and/or functionalized olefins to prepare polymers 
and/or functionalized polymers or co-polymers. There is also the need to 
provide a ZN catalyst for polymerizing olefins that can lead to precise and 
5 narrow molecular weight distributions. Consequently, it is a goal of the present 
invention to provide a ZN catalyst that fulfils these needs. 
[0017] This goal is solved, for example, by the Ziegler-Natta (ZN) catalyst 
and the process for preparing a Ziegler-Natta catalyst as defined in the 
respective independent claims. 
10 [0018] In a first aspect, the invention refers to a Ziegler-Natta catalyst for 
olefin polymerization of the present invention comprises a metal cation of 
Group 4 or 14 of the Periodic Table (lUPAC 1976) that is coordinated to 

a. a carborane dianion group; 

b. a heteroatom anion, said heteroatom being preferably in the 
15 terminal position of a hydrocarbyl bridge comprising at least two 

carbon atoms, wherein at least one bridging carbon atom may 
be replaced by Si; and 

c. a valence group. 

[0019] In a further aspect, the catalyst as disclosed in the application is 

2 0 represented by the general formula 

[(R')n(R')mA(R2)E]MX (I) 

wherein: 

25 A is a carborane dianion; 

R'' is H, a Ci-Ci2-hydrocarbyl aliphatic or aromatic group and n is 0 or 1, 
said R'' being attached to a carbon atom of A; 

is H, a Ci-Ci2-hydrocarbyl aliphatic or aromatic group, a halide, an o- 
alkyl or a n-alkyi group and m is 0 or an integer from 1 to 5, said R^ being 

3 0 attached to a boron atom of A; 

R^ is a hydrocarbyl bridge comprising at least two carbon atoms, wherein 
at least one bridging carbon atom may be replaced by Si; 
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E is a heteroatom anion of group 15 or 16 of tlie Periodic Table (lUPAC), 
which is bridged to A via R^; 

IVI is a fourvalent metal cation selected from the group consisting of 
titanium, zirconium, hafnium and tin; and 
5 X is a valence group. 

[0020] As can be taken from formula (1), the metal cation in the catalyst of 
the instant invention is present in oxidation state of IV+, thereby a stable and 
neutral metal complex is obtained. 

[0021] In the above formula (I), A is a (substituted) C2B9H10 carborane 
10 dianion, in particular an open-cage [/?/cfo-C2B9Hio]^' dianion which results by 
decapitation reaction of [C/0SO-C2B10H11] with an alkaline compound, and 
further deprotonation with an organic base. The carborane trianion 
coordinated metal complexes can easily be synthesized in high yields after a 
two-step process under inert atmosphere followed by chromatography 
15 purification from the commercial available carborane starting material as 
explained below. An explanatory synthesis is shown in Figure 1 and in 
Example 1. 

[0022] In the above formula (I), R'' is selected from the group consisting of 
substituted or unsubstituted Ci-Ci2-hydrocarbyl aliphatic or aromatic group. 

20 Examples of suitable aliphatic groups are methyl, ethyl, propyl, isopropyl, 
butyl, isobutyl. The aliphatic group can further be substituted by an aromatic 
group such as phenyl, for example. Exemplary aromatic groups that can be 
used as group R^ are phenyl, toluoyi and naphthyl. The aromatic or aliphatic 
group is optionally linked to a support, preferably by a polymer chain, wherein 

25 said polymer chain can comprise ethylene and/or propylene monomer units. 
The monomer units of the polymer chain are optionally substituted by C1-C12- 
hydrocarbyl aliphatic or aromatic groups. The support serves to immobilize 
the ZN catalyst. R^ is a substituent bound to a carbon atom of the carborane 
cage. 

30 [0023] In the above formula (I), R^ is selected from the group consisting of 
substituted or unsubstituted Ci-Ci2-hydrocarbyl aliphatic or aromatic group, a 
halide, an o-alkyi or an n-alkyi group. Examples of suitable aliphatic groups 
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are methyl, ethyl, propyl, isopropyl, butyl, isobutyl. The aliphatic group can 
further be substituted by an aromatic group such as phenyl, for example. 
Exemplary aromatic groups that can be used as group are phenyl, toluoyi 
and naphthyl. The halide can be selected from fluoride, chloride or bromide. 
5 Examples of suitable o-alkyi groups are methoxy, ethoxy, propoxy or butoxy, 
whereas the n-alkyi group is selected from -NHMe, -N(Me)2, -N(Ethyl)2 or 
-N(Propyl)2. is a substituent bound to a boron atom of the carborane cage. 
[0024] In the above formula (1), the hydrocarbyl bridge of R^ can be a 
straight chain or cyclic moiety (-WRV)n, wherein W is C or Si and may be 

10 same or different in a bridge. R^ may also be same or different and can be 
selected from H, halogen, methyl, ethyl, propyl, butyl or isomers thereof and n 
is an integer from 2 to 8. The hydrocarbyl chain of R^ in formula (I) can also 
be part of a ring structure, for example a cyclopentyl, cyclohexyl or cycloheptyl 
ring. R^ is preferably a constrained chiral center enriched hydrocarbyl bridge 

15 having at least one chiral center in the hydrocarbyl bridge. "Chiral center 
enriched" as used herein means that at least one chiral atom, e.g. a carbon 
atom, and preferably two chiral atoms are present in the chain between the 
carborane A and the heteroatom E. 

[0025] In one embodiment of the present invention R^ is a hydrocarbyl 

2 0 bridge selected from cyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl and 

cyclooctyl, each being optionally substituted by one or more of H, halogen, 
methyl, ethyl, propyl, butyl or isomers thereof. 

[0026] In this connection, it is noted that the length of bridge as used in the 
present invention with a length of two to eight atoms (n= 2 to 8, preferably n = 
25 2 to 4) yields very stable metal complexes which in addition show very good 
catalytic activities in particular over functionalized olefins. This is in contrast to 
known compounds, e.g. compound 4 of Zhu et al. Inorganic Chemistry 
Communications 2001, 4. 486-489 with n = 1 which is instable and moreover 
does not show appreciable catalytic activity (cf. Example 2) 

3 0 [0027] E is typically selected in formula (I) from a member of the group 

consisting of N, P, As, Sb, O, S, Se or Te. In some presently preferred 
embodiments E is N, P or O. In particular, the heteroatom E is a -NR^or-PR^ 
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anion, wherein is a Ci-Ci2-liydrocarbyl aliphatic or aromatic group. E is 
directly linked to the metal cation M and additionally connected to the 
carborane cage via R^. 

[0028] In the above formula (I), X is a valence group saturating the 
5 remaining coordination valence of the central metal atom and is selected from 
the group consisting of halide, pseudo-halide, sulfonate, -NRm, wherein R is a 
lower alkyi group having 1 to 6 carbon atoms or aryl and m is 1 or 2, and a 
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coordinating anion may be a [CBn]", BF4", BPh4" or a PFe" anion. 
10 [0029] In one ennbodiment of the present invention, the Ziegler-Natta 
catalyst for olefin polymerization comprises a metal cation of Group 4 or 14 of 
the Periodic Table (lUPAC 1976) wherein the catalyst is represented by the 
general formula 

15 [(R')n(R%A(R2)E]MX (I) 

wherein: 

A is a C2B9Hio-carborane dianion; 

R"* is methyl, ethyl or phenyl and n is 0 or 1, said R'' being attached to a 
2 0 carbon atom of A; 

R^ Is a halide, an o-alkyi or n-alkyi group, and m is 0 or an integer from 1 
to 3, said R^ being attached to a boron atom of A; 

R^ is a constrained 5 to 8 membered, chiral center enriched ring having 
two to four carbon atoms between A and E, at least one of which carbon 
2 5 atoms being chiral, selected from 5 to 8 membered cyclic (-WRV)n, wherein 
W is C or Si and may be same or different in a bridge, R^ may be same or 
different and is selected from H, halogen, methyl, ethyl, propyl, butyl or 
isomers thereof; 

E is a heteroatom anion selected from [NR^]" or O", which is bridged to A 
30 via R^, E being optionally substituted by R^ anion, wherein R^ is a C1-C12- 
hydrocarbyl aliphatic or aromatic group; 
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M is a fourvalent metal cation selected from the group consisting of 
titanium, zirconium, hafnium and tin; and 

X is a valence group. 
[0030] In another embodiment of the present invention the Ziegler-Natta 
5 catalyst for olefin polymerization comprises a metal cation of Group 4 or 14 of 
the Periodic Table (lUPAC 1976), wherein the catalyst is represented by the 
general formula 

[(R')n(R^)mA(R2)ElMX (I) 

10 

wherein: 

A is a C2B9-carborane dianion; 

is methyl, ethyl or phenyl attached to a carbon atom of A; n is 1 ; 

m is 0; 

15 R^ is a cyclohexyl ring having two carbon atoms between A and E; 

E is -[NR^]" or -O", wherein R^ is a Ci-Ci2-hydrocarbyl aliphatic group, E 
being bridged to A via R^; 

M is a fourvalent metal cation selected from the group consisting of 
titanium and zirconium; and 

2 0 X is a valence group. 

[0031] The ZN catalyst of the present invention can be prepared in a 
process comprising: 

a) reacting [(R^)n (R^)m (C2B9H11)] with an organic base and an 
electrophilic reagent that comprises at least two backbone atoms; 
25 b) reacting the compound obtained in a) with an alkali metal hydroxide 

in the presence of a quaternary ammonium salt; and 

c) reacting the compound obtained in b) with an organic base and 

MXZ3: 

wherein is selected from the group consisting of CrCi2- 

3 0 hydrocarbyl aliphatic or aromatic group or a polymer chain, optionally linked to 

a support, preferably a polymer chain, said polymer chain comprising 
ethylene, propylene monomer units, said units optionally being substituted by 
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CrCi2-hydrocarbyl aliphatic or aromatic groups, said support serving to 
immobilize the ZN catalyst; 

is selected from the group consisting of H, a Ci-Ci2-hydrocarbyl 
aliphatic or aromatic group, a halide, an o-alkyi or a n-alkyi group; 
5 M is a fourvalent metal cation of Group 4 or 14 of the Periodic Table 

(lUPAC 1976) and 

X is a valence group; 

Z is a leaving group selected from halide, sulfonate, or NR'R", 
wherein R' is hydrogen, alkyi, aryl, alkylaryl or arylalkyi and R" is alkyl. aryl, 

10 alkylaryl or arylalkyi; 

n is 0 or an integer from 1 to 6. 
[0032] The electrophilic reagent used in the process provides for at least 
two of the backbone (main chain) atoms of the hydrocarbyl bridge R^. 
Depending on the size of the bridge that is wanted the electrophilic agent may 

15 have 2 to 8 backbone (main chain) atoms. The electrophilic reagent can be a 
suitable alkyl halide, for example 1-chloro-2-aminoethane, 1-chloro-2- 
aminopropane, 3-chloropropylamino hydrochloride, methyl 4-iodobutyrate, 
ethyl-4-chlorobutyrate ethyl 3-chloropropionate, or the like. It can also be a 
heterocyclic compound such as a substituted or unsubstituted epoxide (for 

2 0 example ethylene oxide, propylene oxide) or a substituted or unsubstituted 
aziridine. Upon attack by a nucleophile, such a cyclic compound undergoes a 
ring opening to provide a straight or branched chain hydrocarbyl bridge and, 
followed by a further deprotonation with a base, can supply a substituted 
anion such RR"N(-1) or an oxo anion that is suitable for reaction with a 

25 compound MXZ3 (cf.. Figure 9). The electrophilic reagent can also be a 
geometry-constrained (cyclic) compound. A presently preferred class of such 
electrophilic compounds are 5 to 8 membered cyclic alkenyl oxides such as 
cyclopentene oxide, cyclohexene oxide or cyclooctene oxide. In case such 
cyclic alkenyl oxides are used, they are considered as electrophilic reagents 

30 that comprises two backbone atoms, namely the ring atoms to which the 
oxygen atom is bound (cf.. Figure 1 in which the structure of cyclohexene 
oxide is depicted). 
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[0033] In case, the bridge comprises one or more silicon atoms, the 
electrophilic reagent can a substituted silane of the formula 

Y(CH2SiMe2)nNHR^ (lla) 

wherein in formula (lla), 
Y is halide; 

R^ is aryl, alky!, aikylary! or arylalky!; and 

n is an integer between 1 and 8. Aryl, alkyi, alkylaryl or arylalky! are 
used in accordance with the respective definition given below for the residues 
R' and R". 

[0034] In presently preferred substituted silanes of formula (lla) Y is 
either CI or Br and n is 1 , 2 or 3. One general class of such a substituted 
silane is CI(SiMe2)nNHR^ 

[0035] Other substituted silanes that can be used as electrophilic 
reagents are compounds of the formula 

Y(SiMe2)nNHR^ (lib), 
Y(CH2SiMe2)nY (lie), or 

2 0 Y(SiMe2)nY (lid) 

wherein Y and n are defined as above for formula (lla) with the exception that 
for the compounds of formula (lib) and (lid) n is an integer from 2 to 8. 
[0036] In some embodiments of the method, the metal cation of Group 4 or 

2 5 14 of the Periodic Table (lUPAC 1976) is titanium, zirconium, hafnium or tin. 
[0037] In case the metal compound MXZ3 comprises a leaving group 
NR'R". in which at least one of R' and R" is alkyi, aryl, alkylaryl or arylalkyi, the 
same groups which are used for R'' above can be used. Thus, alkyi groups R' 
and R" can be straight chained, branched or cyclic, and optionally substituted. 

30 Aryl groups used as R' or R" can also be substituted. Typically, alky! groups 
having 1 to 12 carbon atoms and aryl groups having 6 to 14 carbon atoms are 
used. Suitable alkyi groups comprise methyl, ethyl, propyl, isopropyl, butyl, 
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isobutyl. Exemplary aromatic groups that can be used as group are phenyl, 
toluoyi and naphthyl. Accordingly, examples of a alkyi- or aryl amino leavings 
groups NR'R" are NHMe N(Me)2 N(Ethyl)2, N(Propyl)2, N(Ph)2, (ToloyI) etc.. 
[0038] In more detail, the catalyst of the invention can be prepared from 
5 icosahedral carboranes precursors (II) as follows. Such precursors the 
general formula of which (II) is depicted in Figure 2, wherein R^ and R^ are as 
described above, can be obtained by any method known to the skilled person, 
for example, by the method described in Inorg. Chem 1992, Vol. 31 (No. 10), 
1955-1958). 

10 [0039] Substitutents can be introduced at the boron atoms of the 
carborane cage as described on page 197 and 198 (in particular paragraph 
9,2) of Carboranes (Russell N. Grimes, Academic Press, New York. 1970, 
ISBN 75-127684). and the references cited therein, as well as illustrated in 
Figure 8. As shown in Figure 8, after introduction of the substituent R'' at 

15 carbon atom 1 of the carborane cage, the resulting 1,2 C2B9Hio-carborane 
compound can be treated with an organic base and reacted with a compound 
such as R^BCl2, wherein R^ is alkyI, aryl. O-alkyI, N-alkyI or halide leading to 
carborane compounds which are substituted at the 3 and/or the 6 boron atom. 
[0040] The precursor (II) is preferably treated with an organic base such as 

2 0 n-BuLi, tert-BuLi, PhLI. LDA. followed by reaction with an electrophilic 

reagent, such as alkylhalides. epoxides, aziridines or geometry-constrained 
heterocyclic compounds (e.g. cyclohexene oxide), to form the bridge R^. The 
bridging intermediate is then hydrolyzed into compound (III) which general 
formula is presented in Figure 3, wherein E and R^ are as described above. 
25 Decapitation reaction of (III) is carried out by alkaline treatment (such as KOH, 
NaOH, CsF, EtaN or piperidine) in a polar solvent such as methanol, ethanol, 
or tetrahydrofurane or any other suitable polar solvent. The resulting species 
are the open-cage monoanion in which the appended moiety remains intact. 
The general formula of the synthesized compound (IV) after decapitation is 

3 0 presented in Figure 4. wherein Q* is typically the counter ion from the alkaline 

treatment. Further deprotonation of compound (IV) with an organic base such 
as n-BuLI. tert-BuLi, or LDA leads to the corresponding trianion which is then 
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combined with the transition metal by addition of, e.g., a halogen salt (CI or 
Br) of the metal M to the mixture. This halogen salt of the metal M may also 
be a monoalkyi or aryl halogen of the metal salt (e.g., MeMCIa, PhMCb) 
which can optionally also be substituted by a valence group X as defined 
5 above. In an alternative route, compound (IV) is reacted directly with 
tetrakis(dimethylamino)M (M = as described above) to produce the 
compounds of the invention. For either method, a pure sample can be 
obtained by standard purification m.ethods such as recnystallization from any 
suitable solvent or by chromatographic purification such as silica-gel column 
10 chromatography. An example of a suitable solvent is mixture of a CH2Cl2/n- 
pentane (1:1) The product of the reaction is a compound of formula (I) as 
described in Figure 5. 

[0041] In the catalyst of the present invention, the carborane cluster [nido- 
(R'')C2B9Hio]^" coordinates to a metal cation in an eta(?j)-6 fashion by formal 
15 donation of six electrons, and thus is a dianionic analogue of commonly used 
monoanionic Cp- ligand. The use of [n/c/o-(R^)C2B9Hiof ' cage in place of Cp" 
enables the construction of new metal/charge combinative complexes. 
[0042] The neutral icosahedral carborane cage can be heated to 600°C 
without decomposition and its [/7/do-(R^)(R'^)mC2B9Hio]^"-cage ions can be 

2 0 recovered unchanged after several hours of heating in solution with aqueous 

acids and bases. Moreover, the icosahedral carborane cage is resistant to 
attack by halogenated organic compounds. These properties render the 
compounds of formula (i) highly suitable for use as catalysts for Ziegler-Natta 
polymerization of functionalized olefins. 
25 [0043] In order to stabilize the metal center, the negative charge 
heteroatoms are introduced to the coordination moiety which contacts with the 
carborane cage by a short bridge. This bridge builds up a ring structure in 
order to stabilize the complex and to provide better catalytic activities. 
Therefore, formation of 5- to 7-membered rings is preferred in some 

3 0 embodiments. In one of these embodiment, a 6-membered ring is preferably 

formed, wherein the substituent E is preferably In the 3-position calculated 
from the carborane dianion. 
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[0044] In one embodiment of the present invention, the carborane cage 
and carborane based ZN catalyst may suitably be immobilized on supports by 
means of a carbon chain which is represented in formula (I) as Supports 
that can be used for immobilization include organic materials. The organic 
5 materials are preferably polymers, such as polyethylene, polypropylene, 
polystryrene and the like. The so prepared catalyst can be used as a 
heterogeneous catalyst. It is also referred to an exemplified preparation 
method as shown in Figure 6. 

[0045] It is also possible to use other materials than organic materials as 
10 support for immobilizing a Ziegler-Natta catalyst of the invention. Such support 
materials include inorganic materials such as respective polymers and 
inorganic metal and non-metal oxides. Examples of suitable materials are 
macroporous or mesoporous silica or other non-metal or metal-oxide such as 
alumina, titania or mixtures of oxides. Alternatively, the support may be an in 
15 organic polymer. A preferred support is silica. 

[0046] Independent from the nature of the concrete material used (organic 
or inorganic), the support can be a porous material. While conventional 
support materials may be suitable, supports with particular high porosity are 
advantageous in some embodiments due to their ability to facilitate maximum 
2 0 contact between the reactants and catalyst while retaining the catalyst in 
supported form. 

[0047] The compounds of the present invention are active for the 
polymerization of olefins and/or functionalized olefins without co-catalyst. In 
particular, polymers can be obtained by a method of polymerizing olefins by 
2 5 reaction of olefins in the presence of a Ziegler-Natta catalyst for olefin 
polymerization comprising a metal cation of Group 4 or 14 of the Periodic 
Table (lUPAC 1976) that is coordinated to 

a. a carborane dianion group; 

b. a heteroatom anion, said hetero atom being preferably in the 
30 terminal position of a hydrocarbyl bridge comprising at least two 

carbon atoms, wherein at least one bridging carbon atom may be 
replaced by Si; and 
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c. a valence group. 
[0048] The catalyst used in some embodiments of the method of 
polymerizing olefins of the present invention is represented by the general 
formula 

5 [(R^)n(R%A(R')E]MX (I) 

as explained above. 

[0049] The polymerization reaction may be carried out in a any organic 
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organic solvents are aliphatic hydrocarbons or functionalized hydrocarbons 
10 such as toluene, tetrahydrofurane, dimethylformamide, DMSO and 
acetonitriie. It is however also possible to carry out the polymerisation reaction 
in a reaction media that is not a common organic solvent. Examples of such 
reaction media includes ionic liquids (e.g., 1-ethyl-3-methyl-imidazolium 
chrloride or 1 butyl-3-methyl-imidazolium tetrafiuoroborate) which are 
15 available from Solvent Innovation GmbH, Cologne, Germany, for example, or 
perfluorinated solvents such as hexafluorobenzene, perfiuorohexanes, or FC- 
77 (mainly perfluoro-2-butyltetrahydrofuran). It can been seen from 
polymerization results using a catalyst of the invention that polymers with a 
relatively narrow molecular weight distribution are generally produced under 

2 0 mild conditions. These advantages render the catalysts disclosed herein to be 

especially useful in polymer production, in particular of functionalized 
polymers. 

[0050] The catalyst of the invention can be used alone or together with a 
separate co-catalyst as a Ziegler-Natta catalyst for the (co)-polymerization of 
25 an olefin or a functionalized olefin in a manner known in the art. 
Functionalized olefins are preferably used. It is also possible to combine the 
catalyst of the invention with one or more other ZN, either known ones or 
catalysts of the present invention, and/or non-ZN catalysts. The catalyst 
according to the present invention usually shows good catalytic activities 

3 0 without the use of a co-catalyst such as MAO. Without wishing to be bound to 

theory, it is believed that the unexpected reactivity of the catalyst of the 
invention is due to the combination effects of carborane cage and heteroatom, 
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the trianion ligand tightly coordinate with metal center to form a relative stable 
ring system of 5 to 7 members with an open active site on the transition metal 
atom for the olefins with functional group. 

[0051] The olefin to be polymerized using the catalyst system of the 
5 invention can be any olefin polymerizable in a coordination polymerization 
including C2 to C10 a-olefins. The polymerization of propylene or ethylene 
optionally with other a-olefins as co-monomers is also contemplated herein. 
Suitable co-rnonomers are C2-C12 olefins, preferably C4-C10 olefins such as 1- 
butene, isobutene. 1-pentene, 1-hexene, 4-methyl-1-pentene, 1-heptene, 1- 

10 octene, 1-nonene, 1-decene, as well as dienes such as butadiene, 1,7- 
octadiene and 1 ,4-hexadiene, or cyclic olefins, such as norbornene, and any 
mixtures thereof. In some embodiments, the olefin to be polymerized using 
the catalyst system of the invention can be a fu notional ized olefin, wherein the 
functional ized olefin can be any functionalized olefin known in the art. Suitable 

15 functionalized olefins are halogenated olefins or olefins such as vinylacetates, 
acrylates or styrenes. Enamines also belong to the group of compounds that 
are advantageously polymerized using the catalyst of the invention. 
Halogenated olefins comprise vinylchlorid, tetrafluoroethylene etc. Thus, 
polyolefins and functionalized polyolefins are obtainable using the Ziegler- 

2 0 Natta-catalyst of the present invention. 

[0052] The quantity of catalyst used will generally depend upon the nature 
of the catalyst, the reactor types and conditions and the properties desired for 
the polymer product. Conventional catalyst quantities, such as described in 
the publications cited herein, may be used. 
25 [0053] Furthermore, due to the catalytic activity the prepared polymers 
have very narrow and precise defined molecular weight distributions making it 
possible to prepare polymers with predetermined polymer architectures. 
[0054] In addition, at least one chiral center can be introduced in the 
molecular geometry in order to control the stereoselectivity of the reaction 

3 0 when preparing the polymers. Preferably, the chiral centers can be 

incorporated into the bridge that connects the heteroatom to the carborane 
cage by using a cyclic hydrocarbyl such as cyclobutyl, cyclopentyl, cyclohexyl. 
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cycloheptyl and cyclooctyl as bridging atoms. Otiier hydrocarbyl groups 
suitable to introduce a chiral center may also be used. 

[0055] The polymers prepared by means of the catalyst of the invention 
can be characterized by use of any conventional method such as GPC, NMR, 
5 IRetc. 

[0056] The invention is further illustrated by reference to the following non- 
limiting examples and drawings, in which: 

carborane trianion coordinated early transition metal complexes of the present 
10 invention from typical icosahedral carborane precursors, wherein 1-Me-1,2- 

dicarba-c/oso-dodecacaborane-(12) is used as precursor ; 

[0058] Figure 2 shows icosahedral carboranes precursors which can be 

used for the synthesis of the Ziegler-Natta catalyst of the invention; 

[0059] Figure 3 shows the general formula of the intermediate compound 
15 (III) which is obtained in the course of the synthesis of the Ziegler-Natta 

catalyst of the invention; 

[0060] Figure 4 shows the general formula of the compound (IV) which is 
obtained in the synthesis of the Ziegler-Natta catalyst of the invention 
decapitation ; 

20 [0061] Figure 5 shows the structural formula of preferred embodiments of 
the Ziegler-Natta catalyst according to formula (I); 

[0062] Figure 6 shows a further preparation method for catalysts of the 
invention supported on a polymeric support (which is denoted as "Pol" in 
Figure 6) ; 

25 [0063] Figure 7 shows a schematic representation of the synthesis of the 
Ziegler Natta catalyst (la) of the present invention. 

[0064] Figure 8 schematically shows the synthesis of icosahedral 
carboranes precursors that are useful in the invention and which are 
substituted at the boron atoms 3 and/or 6 of the carborane cage. 
30 [0065] Figure 9 shows a scheme for reacting an icosahedral carborane 
precursor with an aziridine as a example for the formation of a hydrocarbyl 
brigde by reaction of the carborane precursor with an electrophilic reagent 
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that comprises at least two backbone atoms. The substituents R, R' and R" in 
Figure 9 may be, for example, any alkyi, aryl, alkylaryl or arylalkyi residue as 
defined in connection with formula (II) herein. 
[0066] Examples 

5 [0067] A preparation route for oxygenic carborane trianion coordinated 
early transition metal complexes from typical icosehedral carborane 
precursors (such as 1-Me-1 ,2'dicarba-c/oso-dodecacaborane-(12)) (Ha) is 

ShO^A/n in Finij*^^ 1 anH ^ixi^l^=»in'=^d i" th© foHnwinn Fvamnl^^c A fiirthor 

preparation method for catalysts supported on a polymeric support is 
10 schematically shown in Figure 6. 
[0068] Example 1 

[0069] (1) Synthesis of Ilia. A solution of 1.00g (6.32 mmol) of lla 
dissolved in a 20 ml dry ethyl ether was cooled to -78 °C and 4.20 ml (6.72 
mmol) of n-BuLi (1.6 M in n-hexane) was added under argon. After 30 min of 

15 the addition, the mixture was warmed to room temperature spontaneously and 
continued stirring for 4h followed by addition of 0.70 ml (6.80 mmol) of 
cyclohexene oxide with a syringe at 0 °C, then the reaction was proceeded at 
room temperature for another 6h before hydrolysis with 10 ml water. The 
organic phase was separated with a separate funnel, and the aqueous phase 

2 0 was extracted with 2 x 25 ml ethyl ether. After drying with MgS04, the solvent 
was removed under reduced pressure and the residue was recrystallized with 
n-hexane to obtain 1.40g pure Ilia, yield 86%. M.p.101-103 °C. ^HNMR 
(400MHz in CDCI3, ppm), 6 = 3.40 (CH-O), 1.80 (-CH3), 0.63-2.90 (BH, CM. 
OH). IR (KBr pellet, cm""), 3062(s). 2588(vs), 1447(m), 1390(m), 1229(w), 

25 1133(m), 1094(m), 1017(s), 934(m), 722(s). 

[0070] (2) Synthesis of IVa. 1.50g (5.85 mmol) of Ilia was added to a clear 
solution of 2.00g (32.08 mmol) potassium hydroxide in 40 ml of 95% ethanol 
with continuous stirring. After all of the solid dissolved completely, the mixture 
was heated to reflux for 16 h. The vessel was cooled to room temperature, 

30 and the solvent was removed under reduced pressure. Then the sticky 
residue was dissolved in 20 ml water and neutralized with aqueous HCI. 
Trimethylamine hydrochloride 1.68g (17.55 mmol) in 7 ml water was added to 
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the above solution, and a great amount of white solid precipitated. After 
filtration and drying in vacuum, 1.37g of solid IVa was obtained, yielded 77%. 
M.p.>200 °C. ''HNMR (400MHz in DMSO, ppm), S = 9.4(NH), 3.56(OH), 
3.18(CH-0), 2.52(NCH3), 2.00— 0.95(BH), -2.81 (BH). IR (KBr pellet, cm'''), 
5 3524(vs), 3040(m), 2931 (s), 2857(s), 2497(vs), 1477(s). 1449(s), 1388(s). 
1273(m), 1212(m), 1036(vs), 978(s), 860(m). 472(m). 

[0071] (3) Synthesis of la. 1 .50g (4.92 mmol) of IVa was dissolved in 75 ml 
of dry tetrahydrofurane, the.n the mixture was cooled to 0 °C and 1 .18g (29.52 
mmol, 60% dispersion in mineral oil) NaH was added carefully. After addition, 

10 the system was warmed to room temperature spontaneously, and kept 
reacting for 30 min at that temperature, then the mixture was heated to reflux 
for 3h under continuous stirring. Complete removal of trimethylamine was 
achieved by passing a stream of argon over the solution and through the 
condenser during the final 30 min of the reflux period. Stirring was then 

15 stopped and the reaction mixture was allowed to cool to room temperature. 
When excess sodium hydride had settled, the clear THF solution was 
decanted under argon to another vessel, the residue was washed with 2x15 
ml of dry THF and 1.1 5g (4.93 mmol) ZrCU was added to the THF solution 
under argon, the mixture was stirred at room temperature for 72 h at room 

2 0 temperature. After filtration and removal of the solvent under reduced 
pressure, the residue was recrystallized with a mixture of CH2Cl2/n-pentane 
(v:v = 1:1) to give la in 79% yield. ''HNMR (400MHz in DMSO, ppm), J = 3.10 
(CH-O), 1.66 (-CH3). -0.43-1.90 (BH, Cid, OH). IR (KBr pellet, cm"^), 341 3(s). 
2919(vs), 2851 (s), 1637(m), 1457(s), 1305(s), 963(m), 423(m). 

25 [0072] (4) Synthesis of polystyrene supported OAt/?o-Carborane 

Under argon atmosphere, 0.58g (4.00 mmol) 1,2"C2BioHi2 were added to a 
250 mL two-necked round bottom flask, equipped with a magnetic stirring bar 
and, 100 ml dry THF was then added to dissolve the carborane compound to 
give a clear solution. The solution was cooled to -78°C with liquid nitrogen - 

30 isopropanol cold bath, and then 2.7 ml (4.32 mmol) n-BuLi (1.6 M in hexane) 
were added using a syringe with continuous stirring. After the addition, the 
mixture was kept reacting at that temperature for 30 minutes followed by 
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warming to room temperature spontaneously and reacted for further 4 hours. 
The solvents were then removed under reduced pressure, and the residue 
was washed with n-hexane (2x15 ml). The obtained residue was dissolved 
into 150 mL THF and Merrifield's peptide resin (1%), 2.0 g (3.94 mmol CI"), 
5 was added and kept stirring at room temperature under argon for two days. At 
the end of the reaction process, the mixture was heated to reflux for 4 hours 
before cooling down to room temperature and quenched with 3.0 ml 
m.ethanol. The solvents were removed under reduced pressure and the crjde 
product was washed with deionized water (2x10 ml) and n-hexane (2 x 20 

10 ml) to remove any trace of LiCI and starting material 1,2-C2BioHi2, then dried 
in high vacuum for two days to lead a pale yellow solid 2.40 g polystyrene 
supported ort/70-carborane in 88% yield. The collected aqueous solution was 
combined and concentrated to 5.0 ml and subjected to titration with AgNOa to 
detect the amount of the produced LiCI as 0.15 g. IR (KBr pellet, cm"''): 3644, 

15 2952, 2535, 1945, 1872, 1802, 1748, 1703, 1704, 1602, 1583, 1542, 1510, 
1490, 1420, 1366, 1267, 1152, 900, 556. 

[0073] The subsequent synthesis of the catalyst of the invention can then 
be carried following the synthesis of compound la as explained above and as 
illustrated in Figure 6. 
2 0 [0074] Example 2 

[0075] In this example, the catalytic activity of compound la is studied using 
vinyl chloride, (tert)-butyl acrylate, styrene and ethene as polymerizable 
monomers, 

[0076] The polymerisation of vinyl chloride catalysed by compound la has 
2 5 been proceeded in tetrahydrofurane solvent with the high PVC yield reach to 
43.8% without co-catalyst. The polymerization of vinyl chloride also can occur 
at room temperature in other organic solvents (e.g. toluene, 
dimethylformamide, DMSO or acetonitrile). 

[0077] Some polymerization results are summarized in the following Table 1 . 
30 As can be taken from these results, the catalyst of the present invention 
yielded a polymer having a well defined molecular weight with a narrow 
molecular weight distribution. It should further be noted that the catalytic 
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activity for polymerization of ethylene of compound 4 described in Zhu at al. in 
Inorganic Chemistry Communications 2001, 4, 486-489 with co-catalysts 
MAO is 51 kg PE per mol catalyst per h per 1 bar which shows that the 
activity of this compound is much lower than that of the catalysts of the 
present invention. Furthermore, compound la is stable and can be handled in 
air over a sufficiently long period of time (about 13 minutes) and can be stored 
under inert atmosphere for more than one month whereas compound 4 of Zhu 

of a! Inrkmanin r^h^mi^fry/ f^nmmt tninsiiinn^ OOHi A AAA^AQ io far mr*m 

sensitive to air and moisture, in fact It decomposes very fast in air. 

Table 1 

Results of polymerization using compound la (R^ = , M = Zr, Ri = Me, E 



= O, X = CI) 



Polvmfir^^^ 


AGtivlty^"' 


M... (y 1 

*« X- - - - 

g/mol)<*=> 


Mw/Mn 


Polyvinyl chloride 


40 


5.6 


1.6 


Poly-(tert)-butyl acrylate 


35 


4.2 


1.6 


Polystyrene 


64 


3.6 


1.8 


Polyethene 


33 


2.7 


1.7 



(a) polymerization conditions: amount of catalyst la = 2.5 x 10'^ mol, solvent = 
toluene, temperature = 80 °C (polyvinyl chloride and polyethene), 25 °C 
(polyacrylate and polystyrene), Pressure = 1.2 bar (polyvinyl chloride) and 1,5 
bar (polyethene), polymerization time = 4 hrs. 

(b) Activity = kg polymer per mol catalyst per h per 1 bar 

(c) Molecular weight and molecular weight distribution of the polymers were 
determined by means of gel-permeation chromatography (GPC: Waters 
150C) at 145 ""C using 1 ,2,4-trichlorobenzene as a solvent. The weight 
average molecular weight and polydispersity index (Mw and Mw/Mn, 
respectively) were calculated on the basis of polystyrene standards. 
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